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Purpose: The purpose of this study was to evaluate the accuracy of magnetic resonance
angiography (MRA) for categorizing the severity of carotid disease relative to duplex
ultrasound scan and cerebral contrast arteriography (CA) to determine if MRA imaging
could replace the need for cerebral angiography in cases of indeterminate or inadequate
duplex scan imaging. 
Methods: Seventy-four carotid bifurcations in 40 patients undergoing 45 carotid
endarterectomies from 1996 to 1998 were imaged with duplex ultrasound scan; MRA
(two-dimensional neck and three-dimensional intracranial, time-of-flight technique);
and biplanar, digital subtraction cerebral arteriography. Studies were blindly reviewed
by one reader who used established threshold velocity criteria for the duplex scan and
the North American Symptomatic Carotid Endarterectomy Trial method for MRA and
CA to determine the percentage of diameter reduction of the internal carotid artery
(ICA). Disease severity was grouped into four categories (< 50%, 50%-74%, 75%-99%
stenosis and occlusion), and the results of MRA and duplex ultrasound scan were com-
pared with CA.
Results: Sensitivity, specificity, positive predictive value, and negative predictive value for
detection of > 50% ICA stenosis were 100%, 96%, 98%, and 100% for MRA and 100%,
72%, 88%, and 100% for duplex ultrasound scan, respectively; similarly, for detection of
> 75% ICA stenosis values were 100%, 77%, 76%, and 100% for MRA and 90%, 74%,
72%, and 91% for duplex ultrasound scan, respectively. Both MRA and duplex ultra-
sound scan accurately differentiated all cases of > 95% stenosis (n = 7) from occlusion (n
= 4). Short length ICA flow gaps were present on MRA in all cases of 75% to 99% steno-
sis and one half of cases of CA-defined 50% to 74% stenosis. In patients with 50% to 74%
stenosis, the mean angiographic stenosis was significantly greater when a flow gap was
present on MRA (64% ± 6%) versus no flow gap (57% ± 7%) (P = .04). There was over-
all agreement among duplex ultrasound scan, MRA, and CA in 73% of carotids imaged.
Of the 24% discordant results between MRA and duplex ultrasound scan, MRA correctly
predicted disease severity in all cases, and inaccurate duplex ultrasound scan results were
due to overestimation in 83% of cases. The operative plan was altered by CA findings in
only one patient (2%) after duplex ultrasound scan and MRA. 
Conclusions: MRA can accurately categorize the severity of carotid occlusive disease.
Duplex ultrasound scan facilitates patient selection for carotid endarterectomy in most
cases, but adjunct use of MRA improves diagnostic accuracy for > 75% stenoses and may
obviate the need for cerebral arteriography when duplex scan results are inconclusive or
demonstrate borderline disease severity. (J Vasc Surg 2000;32:429-40.)
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Despite the demonstrated efficacy of carotid
endarterectomy (CEA) for stroke prevention, safe
performance of CEA in contemporary vascular prac-
tice requires appropriate patient selection and the
minimizing of diagnostic, perioperative and long-
term morbidity while overall cost-effectiveness is
maintained.1-5 Accurate characterization of the sever-
ity and distribution of carotid artery occlusive disease
by means of preoperative imaging allows careful
patient selection and planning for CEA. Although
cerebral contrast arteriography (CA) is considered
the criterion standard for assessment of carotid bifur-
cation disease based on the results of the North
American Symptomatic Carotid Endarterectomy
Trial (NASCET)1 and the Asymptomatic Carotid
Atherosclerosis Study (ACAS),3 significant associated
risks and cost have fueled interest in less expensive,
noninvasive imaging modalities. Duplex ultrasound
scan may provide adequate information as the sole
imaging study for the planning of CEA in most
patients with significant carotid stenosis. The accura-
cy of duplex scanning for categorizing disease severi-
ty approaches 90% in accredited vascular laboratories
with experienced technicians and careful physician
review. Preoperative cerebral arteriography after a
technically adequate duplex scan has altered patient
management infrequently and in as few as 1% to 2%
of CEA cases in several recent series.6-9 Such data
suggest a limited role for complementary imaging
studies if high-quality color flow duplex scans with
reliable Doppler scan velocity sampling can be
obtained. 
The role of magnetic resonance angiography
(MRA) in evaluating carotid occlusive disease
remains unclear because of evolving techniques used
and various institutional experiences. The reported
sensitivities and specificities of MRA for detection of
higher grades of carotid stenosis have ranged from
70% to 100%,10-14 but most of these studies are lim-
ited by retrospective design, small patient cohorts, a
relative paucity of vessels imaged with high-grade
lesions present, and minimal statistical analysis.
Despite finding carotid MRA to have accuracy simi-
lar to duplex ultrasound scan11-14 and to serve a
complementary role,10,12-14 investigators of these
studies have made conflicting recommendations as
to whether confirmatory cerebral arteriography is
necessary or unnecessary in patient selection for
CEA.10-14 Clinical recommendations are also influ-
enced by interpretation bias with correlation studies
not routinely performed in a blinded fashion for
determining whether MRA provides sufficient infor-
mation for safe patient selection for CEA. With the
assumption that reliable duplex scanning is available
at relatively low cost, the ultimate goals of MRA
should be to replace cerebral arteriography as a com-
plementary carotid imaging study and to accurately
assess both disease severity and anatomic features15
necessary for safe performance of CEA when the
duplex scan study is not technically adequate (ie,
inconclusive imaging across the carotid bifurcation)
or indicates nonfocal disease involving proximal or
distal vessels. This study was designed to evaluate the
accuracy of MRA for categorizing the degree of
carotid occlusive disease relative to established thresh-
old velocity criteria for duplex ultrasound scan and to
cerebral CA in a large patient group undergoing
CEA. We sought to determine if MRA could replace
cerebral arteriography as the preferred secondary
carotid imaging study in patient selection for CEA. 
METHODS
Patients. Ninety-five consecutive patients
underwent operative endarterectomy for carotid
bifurcation atherosclerotic disease. The endarterec-
tomies were performed by the vascular surgery ser-
vice at the James A. Haley Veterans Hospital in
Tampa, Florida, between January 1996 and May
1998. Only six patients underwent CEA solely on
the basis of duplex scan results, and the remainder of
patients required a confirmatory secondary imaging
study at the discretion of the attending vascular sur-
geon, which consisted of MRA, cerebral CA, or
both. Cerebral arteriography was performed after
duplex scan and MRA during this interval to assess
the accuracy of MRA imaging. The initial experience
with carotid MRA was favorable during this valida-
tion period and led to a decreasing use of cerebral
angiography. Of the 95 patients, 70 had duplex scan
and MRA studies, and 60 underwent duplex scan
and cerebral angiography before CEA. Forty of
these patients were preoperatively imaged with
duplex ultrasound scan, MRA, and cerebral arteri-
ography and were included in the study. This patient
cohort consisted of 39 men (98%) and one woman
(2%) with a mean age of 63 years (range, 46-82
years). Operative plans were based on the results of
the imaging studies performed, and CEA was done
within 60 days. Forty-five CEAs were performed in
the 40 study patients for unilateral hemispheric or
retinal symptoms (n = 20, 44%) and > 75% stenoses
or in patients with moderate stenosis (50%-74%) and
persistent symptoms despite antiplatelet therapy.2
The remaining CEAs were performed in asympto-
matic patients with high-grade (> 75%) stenoses 
(n = 25, 56%).
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Preoperative carotid imaging. All carotid
duplex scan studies were performed by registered
vascular technologists in a noninvasive laboratory
certified by the Intersocietal Commission for the
Accreditation of Vascular Laboratories. An Ultramark
9 HDI duplex scanner (Advanced Technology
Laboratories, Bothell, Wash) and an L7-4–MHz lin-
ear array transducer probe were used during the
study period. Complete cerebrovascular examination
included bilateral arm pressures and color flow
duplex scan evaluation of bilateral extracranial carotid
systems and vertebral and subclavian arteries. After
sagittal and transverse B-mode imaging to assess
plaque distribution and morphology, midstream
spectral waveforms were obtained at multiple sites
along the common carotid artery (CCA), external
carotid artery, and internal carotid artery (ICA) with
recording of peak systolic velocity (PSV) and end-
diastolic velocity (EDV). Care was taken to maintain
a pulsed Doppler scan angle of insonation relative to
vessel walls of 60 degrees or less.
MRA was performed with a 1.5 Tesla supercon-
ductive magnet (Picker Edge, Cleveland, Ohio) and
separate body and head coils. A two-dimensional
extracranial and a three-dimensional intracranial
time-of-flight technique was used. A region extend-
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Fig 1. Arteriographic (top left), MRA (top right), and duplex scan (bottom) images of an ICA occlud-
ed at its origin. A long flow gap is present on MRA with only flow signals from the external carotid
artery and its branches seen.
ing from the aortic arch to the carotid siphon was
evaluated with 155 sequential axial sections, 2.6 mm
thick with a 1.0-mm slice overlap providing a 24-cm
field of view on a 128 × 256 matrix. A gradient echo
pulse sequence with repetition time of 30 ms, echo
time of 7.4 ms, and a flip angle of 35 degrees was
used in the extracranial region. A superior presatura-
tion pulse was applied to eliminate caudally directed
flow signals from jugular veins. Intracranial arterial
structures were imaged within a 17-cm field of view
consisting of 70 sequential axial sections, 0.8 mm
thick on a 180 × 256 matrix with a pulse sequence
of repetition time of 42 ms, echo time of 6.9 ms, and
a flip angle of 20 degrees. Postprocessing of MRA
axial source images with a maximum intensity pixel
(MIP) projection ray tracing technique allowed
three-dimensional reconstruction of MRA-detected
blood flow in the major extracranial and intracranial
arteries. The resulting angiographic projection of
each extracranial carotid artery and bifurcation
region was viewed as 12 separate longitudinal
images rotated at 15-degree increments through the
180 degrees between sagittal planes. Gadolinium or
other paramagnetic contrast enhancers were not
used during carotid MRA studies. Complete carotid
MRA examination was tolerated by all 40 of the
study patients undergoing preoperative imaging
with duplex scan, MRA, and arteriography. 
All cerebral contrast arteriograms were per-
formed in an angiographic suite by a dedicated neu-
roradiologist (C. L.) or an interventional radiologist.
A ceiling-mounted Multistar Top system (Siemens,
Iselin, NJ) was used with digital subtraction capabil-
ities and a 1024 matrix. Arch and cerebral arteriog-
raphy was performed through a transfemoral
catheter approach with intra-arterial nonionic con-
trast agents and liberal use of multiplanar projec-
tions, selective vessel injections, and both subtracted
and unsubtracted radiographic images to fully delin-
eate diseased segments. One patient (2%) had a tran-
sient ischemic attack related to preoperative cerebral
arteriography. No adverse sequelae occurred in any
patient after either preoperative duplex scanning or
MRA. 
Study design. All duplex scans, MRA examina-
tions, and cerebral arteriograms were retrospectively
reviewed and independently interpreted by a single
reader (M. R. B.). The reviews were blinded to the
patient’s identification, clinical presentation, periop-
erative outcome, and the preoperative interpretation
of each imaging study. Duplex ultrasonographic scan
classification of carotid disease severity in terms of
percent diameter reduction (DR) of the ICA was
determined from our previously published threshold
velocity criteria (Table I).4 In the presence of signif-
icant (> 50% stenosis or occlusion) contralateral
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Table I. University of South Florida duplex scan criteria and threshold velocities for grading ICA occlusive
disease and corresponding MRA disease categories used for comparative analysis
ICA stenosis Duplex scan MRA
< 50% PSV < 125 cm/s < 50%
ICA-CCA ratio < 2
50%-74% PSV > 125 cm/s 50%-74%
EDV < 125 cm/s
2 < ICA-CCA ratio < 4
75%-99% EDV > 125 cm/s 75%-99% or short flow gap (< 3 cm)
ICA-CCA ratio > 4
Occlusion No ICA flow Long flow gap (> 3 cm) and no intracranial 
CCA EDV = 0 ICA signal
Table II. Comparison of duplex scan–defined disease categories and cerebral arteriography for 74 carotid
bifurcations*
Arteriography
Duplex scan < 50% 50%-74% 75%-99% Occlusion
< 50% 18 0 0 0
50%-74% 6 8 3 0
75%-99% 1 10 24 0
Occlusion 0 0 0 4
*Spearman correlation coefficient, r = 0.83; κ statistic = 0.61.
carotid disease and because of the potential elevated
velocities in the ipsilateral carotid system, reliance on
the ICA–CCA PSV ratio was used to categorize
carotid disease. Percent carotid stenosis for MRA
and cerebral arteriography was measured with the
use of the NASCET method,1 where the most nar-
row ICA lumen diameter within the stenotic seg-
ment is compared under magnification with the cal-
iber of minimally diseased distal ICA. Results of the
secondary carotid imaging studies (MRA, cerebral
arteriography) were categorized within the disease
ranges of < 50%, 50% to 74%, or 75% to 99% DR
stenosis or occlusion for direct comparison with
duplex scan classification (Table I). Presence of a
short length (< 3 cm), signal void, or flow gap in the
proximal ICA with contiguous flow signal in the dis-
tal ICA on MRA was considered a patent carotid
artery and arbitrarily assigned to the 75% to 99%
stenosis category for the initial comparative analysis.
A long-length ICA flow gap in the neck with absent
flow signal in the intracranial distal ICA was classi-
fied as a carotid occlusion by means of MRA. Near
occlusion with cerebral arteriography was defined as
a measurable > 95% carotid stenosis or as a residual
lumen width in the stenosis of 1.5 mm or less on
full-sized angiographic film.
Statistical analysis. Results of duplex ultra-
sound scan and MRA were compared with the
results of cerebral arteriography (criterion standard)
with respect to identifying carotid disease thresholds
of > 50% DR stenosis, > 75% DR stenosis, and com-
plete occlusions. Estimates of sensitivity, specificity,
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Fig 2. Arteriography (top left) reveals a focal 76% diameter-reducing stenosis in the mid ICA.
Concordant noninvasive studies demonstrate the high-grade lesion with a short ICA flow gap on MRA
(top right) and high stenosis velocities (PSV = 419 cm/s, EDV = 175 cm/s) on duplex scan (bottom).
Vertebral artery is seen to the left of the carotid bifurcation on MRA. 
positive predictive value (PPV), negative predictive
value, and overall accuracy were calculated for MRA
and duplex scan relative to cerebral arteriography for
each of these carotid disease thresholds. Estimates
are reported with 95% CIs with the assumption of a
2-tailed binomial distribution of data. Overall agree-
ment for categorizing carotid disease between MRA
and duplex scan compared with arteriography was
assessed with Spearman rank correlation coefficients
and κ statistics. The κ statistic is used to estimate the
degree of agreement above that resulting from
chance alone and has values ranging from less than
0.4 (marginal agreement), 0.4 to 0.75 (moderate
agreement), and more than 0.75 (excellent agree-
ment).16 An unpaired t test was used in the sub-
group of patients with 50% to 74% DR stenoses to
evaluate differences in arteriographic stenosis in
patients with and without flow gaps detected by
MRA. Statistical significance was defined as a P value
less than .05. Data are presented as mean ± SD
where appropriate. 
RESULTS
Seventy-four carotid bifurcations in the 40
patients studied had complete duplex scan, MRA,
and cerebral arteriographic studies with images
deemed adequate after retrospective review. The
imaging of six carotid bifurcations was excluded
because of incomplete cerebral arteriography in two
cases where only selective unilateral studies were per-
formed, incomplete duplex scans for review in three
cases, and one inadequate duplex scan study. No sig-
nificant motion artifacts were present in the MRA
studies that were reviewed. The distribution of arter-
ies falling within each of the stenosis categories
defined by cerebral arteriography demonstrates the
relatively large fraction of vessels with more severe
degrees of disease in this patient group. Sixty-four
percent of patent bifurcations studied possessed a 
> 50% DR stenosis, and 39% of vessels had a > 75%
DR stenosis (Tables II and III).
There was moderate agreement between the
results of preoperative duplex scan studies and cere-
bral arteriography with a Spearman rank correlation
coefficient of 0.83 and a κ statistic of 0.61 (Table
II). Duplex scan overestimation of the degree of dis-
ease was more common than underestimation par-
ticularly in patients with 50% to 74% DR arterio-
graphic stenoses. Good agreement was achieved
between MRA and cerebral arteriography for grad-
ing of carotid disease (Table III). Spearman rank
correlation (r = 0.93) and κ statistic (0.78) values
were slightly better for MRA than duplex scan.
Short-length ICA flow gaps were present in nine of
the 10 vessels with 50% to 74% DR arteriographic
stenosis categorized as > 75% stenosis with MRA. Of
the 10 vessels overestimated by means of duplex
scan with 50% to 74% DR arteriographic stenoses,
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Table III. Comparison of MRA-defined disease categories and cerebral arteriography for 74 carotid bifur-
cations*
Arteriography
MRA < 50% 50%-74% 75%-99% Occlusion
< 50% 24 0 0 0
50%-74% 1 8 0 0
75%-99% 0 10 (9 gap) 27 0
Occlusion 0 0 0 4
*Spearman correlation coefficient, r = 0.93, κ statistic = 0.78.
Table IV. Estimated accuracy of duplex scanning and MRA for detection of arteriographic > 50% and > 75%
carotid stenoses
Accuracy Sensitivity Specificity PPV Negative predictive 
(95% CI) (95% CI) (95% CI) (95% CI) value (95% CI)
> 50% stenosis
MRA 99% (96%-100%) 100% (100%) 96% (88%-100%) 98% (95%-100%) 100% (100%)
Duplex scan 91% (84%-97%) 100% (100%) 72% (54%-90%) 88% (80%-95%) 100% (100%)
>75% stenosis
MRA 87% (79%-94%) 100% (100%) 77% (64%-89%) 76% (66%-85%) 100% (100%)
Duplex scan 81% (72%-90%) 90% (80%-100%) 74% (61%-88%) 72% (62%-82%) 91% (85%-98%)
seven bifurcations had an ICA flow gap and were
also considered as MRA overestimation by conven-
tion. The mean angiographic stenosis in these seven
vessels was 66% ± 7%. In the absence of a flow gap,
the measured percent stenosis from MRA images did
not have a tendency to overestimate the degree of
disease compared with cerebral arteriography. 
Diagnostic sensitivity, specificity, PPV, negative
predictive value, and overall accuracy for duplex scan
and MRA detection of threshold > 50% and > 75%
DR stenoses defined by cerebral arteriography were
calculated from results in Tables II and III and are
listed in Table IV. Although duplex ultrasound scan
possessed an acceptable accuracy for detection of 
> 50% DR stenoses, the tendency to overestimate
disease severity hindered accurate detection of > 75%
DR stenoses. MRA studies were of similar but slight-
ly better accuracy compared with duplex scan for
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Fig 3. Concordant MRA (top right) and duplex scan (bottom) confirm the presence of a 65% stenosis
at the origin of the ICA with arteriography (top left). Lesion has a 66% stenosis measured with MRA
and duplex scan velocities of PSV = 267 cm/s, EDV = 120 cm/s, and ICA-CCA ratio = 3.0.
detection of both > 50% and > 75% DR stenoses
defined with arteriography (Table IV). Of seven ves-
sels with near occlusion (> 95% stenosis) and four
vessels with complete occlusion, MRA and duplex
scan studies each correctly differentiated all patent
ICAs from occlusions seen on arteriography (Fig 1).
Despite arbitrary classification in the > 75% DR
stenosis category for the above statistical analysis,
presence of short ICA flow gaps on MRA studies
was seen to occur with arteriographic stenoses rang-
ing from 55% to more than 95%. Flow gaps on MRA
were present in all 27 cases (100%) of 75% to 99%
DR arteriographic stenosis, and MRA findings were
100% accurate within this disease category (Fig 2).
Flow gaps also occurred in nine of the 18 cases
(50%) of arteriographic 50% to 74% DR stenosis
with a measurable stenosis present on MRA in the
remaining nine cases (Fig 3). MRA findings were
equivalent to arteriography in 17 of the 18 cases
(94% accuracy) of 50% to 74% DR stenosis if the
convention that flow gaps correspond only to the
greater than 75% disease category was relaxed. In
the group with 50% to 74% DR stenoses, the mean
arteriographic stenosis was significantly greater for
patients with a flow gap that was seen with MRA
(64% ± 6%) than for patients with a measurable
stenosis with MRA without a flow gap (57% ± 7%)
(P = .04, t test). On the basis of these results, pres-
ence of a short ICA flow gap on MRA indicates
carotid stenosis with at least 60% DR. 
There was direct agreement among the results of
duplex scan, MRA, and cerebral arteriography in 54
(73%) of 74 cases of carotid bifurcations imaged.
Concordant results between MRA and duplex scan
studies in 54 (96%) of 56 cases were accurate for
classification of a stenosis category defined by arteri-
ography. Of the 18 (24%) of 74 vessels of discordant
results between MRA and duplex scan, MRA cor-
rectly predicted disease severity in all 18 cases. The
inaccurate duplex scan results that contributed to
discordance with MRA were due to overestimation
of stenosis in 15 (83%) of 18 cases. Overestimation
of ipsilateral stenosis severity with elevated duplex
scan velocities caused by significant contralateral
carotid occlusive disease was present in most inaccu-
rate duplex scan results. Nine (53%) of 17 ipsilateral
vessels overestimated with duplex scan had con-
tralateral > 50% stenoses or occlusions, whereas four
(24%) of 17 contralateral carotids had high-grade 
(> 75%) lesions, including one occlusion. The com-
bination of duplex scan and MRA was used to cor-
rectly assess ICA disease category in 72 (97%) of 74
bifurcations imaged. Duplex scan and MRA both
overestimated disease severity relative to arteriogra-
phy in the two cases of inaccurate imaging, with sig-
nificant contralateral disease present in both cases. 
The need for a secondary imaging study before
CEA affected only a fraction of the patients studied
after retrospective review. CEA could be performed
on the basis of the assessment of disease severity with
preoperative duplex ultrasound scan alone in 41
(91%) of 45 cases. The operative plan was altered by
the results of secondary imaging studies because of
suspected proximal/arch disease, underestimated
ICA disease severity in one case each, and suspected
distal ICA disease seen on duplex scans in two cases.
MRA after duplex scan accurately assessed ICA dis-
ease severity and distribution in the latter three cases
so that cerebral arteriography was only necessary
before CEA in one (2%) of 45 cases where arteriog-
raphy confirmed presence of an ipsilateral proximal
common carotid stenosis that required intervention.
DISCUSSION
In patients being evaluated for CEA according to
preoperative duplex ultrasound scan, this study
demonstrates that MRA can accurately categorize
the severity of carotid bifurcation disease. The diag-
nostic accuracy of MRA was comparable to duplex
scanning for identification of > 50% and > 75% DR
stenoses with the use of NASCET angiographic cri-
teria for measurement of proximal ICA stenosis.
Both duplex scan and MRA were able to distinguish
between very high-grade (> 95% DR) ICA stenosis
and occlusion. Although retrospective in design, this
study encompassed a large patient group with signif-
icant numbers of vessels present in each of the dis-
ease categories and included large fractions with
moderate (> 50% DR) and high-grade (> 75% DR)
stenoses to assess the accuracy of MRA. 
The MRA techniques used in our study were
similar to those used by other authors and are com-
mercially available.11-14 Two-dimensional time-of-
flight MRA with MIP projection ray tracing vessel
reconstruction is well suited for imaging of the dis-
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Table V. PPV of duplex scan alone and combined
duplex scan and MRA findings to detect angio-
graphic-proved > 75% ICA stenosis
Carotid imaging PPV
Duplex scan alone 72% (28/39)*
Duplex scan + MRA 82% (32/39)*
Duplex scan + MRA with flow gap 82% (28/34)*
*Number of cases is in parentheses.
eased carotid bifurcation and other potential slow
blood flow regions. The flow signal in the extracra-
nial carotid segment can be optimized by the use of
especially short repetition and echo times for the
gradient-recalled echo pulse sequence and by the
multiple overlapping thin slab acquisition technique
from the aortic arch through the distal ICA regions.
Although the use of MIP techniques for carotid
image reconstruction has been associated with over-
estimation of stenosis severity,11,12 stenoses measur-
able on MRA images were not overestimated relative
to arteriography with the addition of projection ray
tracing techniques in our experience. We have not
found gadolinium enhancement necessary to
improve the quality of MRA images. Instead, its use
increases cost and the complexity of performing
carotid studies. The cost of performing a carotid
MRA in our institution would favor this study over
cerebral arteriography ($510 versus $1165) if equiv-
alent diagnostic information can be provided. We
view MRA as a useful adjunct to carotid duplex scan-
ning (cost $181) and advocate validation of carotid
MRA and duplex ultrasound scan against arteriogra-
phy within individual institutions to confirm study
accuracy and ensure proper patient selection for
CEA.
Higher-grade stenoses at the carotid bifurcation
can produce a gap or void in the flow signal in MRA
images. The interpretation, clinical significance, and
disease classification of ICA flow gaps seen on MRA
are unclear from the literature.10-14 Because MRA
gives a functional or hemodynamic assessment of
blood flow, the disease distribution within the vessel
is implied, but direct imaging of vessel wall contour
(such as the “lumenogram” provided by CA) is not
provided. Signal dropout that is interpreted as a flow
gap on MRA images is related to both the narrowed
channel available to flow and the degree of flow dis-
turbance caused by the stenosis. Higher-grade
stenoses cause more significant flow disturbances
and are more likely to result in a gap on MRA
images, although the corresponding threshold
degree of stenosis resulting in this phenomenon may
depend on MRA techniques used. In this study, 
> 75% DR stenosis was uniformly associated with a
flow gap, whereas only one half of 50% to 74% DR
stenoses had this MRA finding. No artery with 
< 50% DR stenosis demonstrated an MRA flow gap.
Because flow gaps preclude precise quantification of
luminal reduction associated with very high-grade
stenoses, MRA may not allow clinical decision mak-
ing that requires this specific information. The
length of MRA flow gaps has also been correlated
with the severity of carotid stenoses17 although we
have not confirmed this relationship. MRA flow
gaps were generally associated with a 60% to 99%
ICA stenosis in this study. For statistical comparison
with duplex ultrasound scan, calculated diagnostic
accuracy was based on four ICA disease categories 
(< 50% DR, 50%-74% DR, 75%-99% DR, occlusion)
with ICAs showing MRA flow gaps placed arbitrari-
ly in the 75% to 99% DR category. This resulted in a
reduction in the reported accuracy, specificity, and
PPV of MRA because of a perceived tendency to
overestimate 50% to 74% DR arteriographic
stenoses.
The extent and types of carotid imaging neces-
sary before CEA are not standardized and vary with
surgeon preference and experience, referral patterns
and testing obtained before vascular consultation,
and the quality and reliability of imaging performed
at different locations. When a technically adequate
carotid duplex scan demonstrates focal atheroscle-
rotic stenosis limited to the carotid bulb and a sever-
ity appropriate for CEA in a symptomatic (> 50%
DR) or asymptomatic (> 75% DR in our practice)
patient, the need for additional imaging is contro-
versial. The prevalence of clinically significant tan-
dem intracranial lesions (siphon stenosis, aneurysm)
or proximal aortic arch occlusive disease that affects
suitability for CEA is 1% or less18-20 and does not
warrant routine preoperative cerebral arteriography.
Duplex scan and MRA may permit direct imaging of
or at least suspicion for these lesions and allow selec-
tive use of arteriography before CEA. Some
authors13,21 have advocated routine complementary
use of preoperative duplex scan and MRA. Although
combined duplex scan and MRA results optimized
correct categorization of ICA disease in this study,
additional performance of MRA altered operative
planning in few patients. Thus, routine use of MRA
is not advocated but is appropriate when duplex scan
testing is indeterminate or inadequate. Common
problems that produce duplex scans of poor quality
or duplex scans that are difficult to interpret include
extensive plaque calcification, vessel tortuosity, dif-
fuse disease distribution or atypical stenosis location,
incomplete vessel imaging due to neck size or a high
bifurcation, and patient cooperation. Whether MRA
can provide adequate carotid imaging in these clini-
cal situations to permit safe CEA deserves further
study. 
The recently completed NASCET study demon-
strated benefit after CEA in patients with recent
hemispheric neurologic symptoms and with > 50%
DR angiographic stenosis of the proximal ICA. On
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the basis of our experience, a high-quality duplex
scan has sufficient diagnostic accuracy to identify
patients with this disease threshold and permits safe
CEA after selective computed tomography or mag-
netic resonance imaging of the brain. Secondary
carotid imaging (MRA) is appropriate in the evalua-
tion of patient with nonhemispheric symptoms or
when duplex scan reveals nonfocal disease or veloci-
ty spectra suspicious for proximal or distal occlusive
lesions. The use of CEA for stroke prevention in
asymptomatic patients with high-grade ICA stenosis
is associated with a narrow risk-benefit ratio, and
accurate patient selection is imperative. In this study,
the PPV of duplex ultrasound scan for detection of
> 75% DR arteriographic stenosis was 72%, but
increased to 82% when combined with MRA find-
ings (Table V). The presence of significant con-
tralateral carotid occlusive disease contributed in
part to overclassification of stenosis with duplex
scan. Most of the 50% to 74% DR angiographic
stenoses (seven of 10) overestimated with duplex
scan also had an ICA flow gap present on MRA
imaging. Because MRA flow gaps were generally
associated with > 60% angiographic stenoses in our
experience, these results are compatible with thresh-
old levels of disease in asymptomatic patients bene-
fitting from CEA in the ACAS trial.3 The combined
use of duplex scan and MRA for evaluation of
asymptomatic patients for CEA is best suited to the
presence of a focal ICA stenosis with an EDV (> 125
cm/s) and an ICA-CCA ratio (> 4.0) at the thresh-
old level of a > 75% DR stenosis. When duplex scans
indicate disease in the > 75% DR category with an
EDV greater than 150 cm/s and an ICA/CCA ratio
greater than 8, the addition of MRA (or cerebral
arteriography) adds little diagnostic accuracy in
patient selection for CEA. 
We acknowledge the statistical assistance of David
Cuthbertson, MS, from the Department of Biostatistics at
the University of South Florida. 
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Dr R. James Valentine (Dallas, Tex). I appreciate the
opportunity to discuss this paper and thank the authors for
providing me with a copy of their manuscript well in
advance of the meeting. I have several comments and one
question for the authors.
Dr Wilson and his colleagues are to be congratulated
for an excellent analysis of MRA as an imaging technique
for carotid disease. They have carefully evaluated the
results of carotid MRA versus angiography at their center
and found it to be at least as accurate if not more so than
carotid duplex. They do not suggest that it is a substitute
for duplex, which is proper. The increased costs of an
MRA probably do not justify the small increase in accura-
cy over the duplex scan. Their main contention is that
MRA is a good modality to use in place of angiography in
cases where duplex is inadequate. At first glance, this
appears to be a justified and appropriate conclusion. The
authors have shown that MRA has excellent accuracy, sen-
sitivity, and specificity compared with angiography if one
considers all lesions in all categories. 
Further examination of the data, however, reveals that
MRA may not be such a good substitute in all cases.
Duplex scans, as you know, are highly accurate in detect-
ing either high-grade stenoses or minimal lesions. The
main problem with duplex technology has been quantify-
ing the midrange or moderate stenosis, which correlates to
a 60% to 79% stenosis or in the case of the present study,
to a 50% to 74% stenosis. Eighteen patients in this study
had a 50% to 74% stenosis by angiogram. Ten of the 18,
or 56%, were misclassified by both MRA and duplex as
being in the 75% to 99% range. Using the authors’ criteria
for carotid endarterectomy, this means that 10 of 42
patients or one fourth who did not have a 75% stenosis by
angiography would have undergone unindicated carotid
endarterectomy if MRA was used alone. From my inter-
pretation, the MRA was no better than duplex in this cir-
cumstance and therefore is not always a good substitute
for angiography. 
My final comment relates to the authors’ choice of
measurement ranges in this study. The authors use indica-
tions for carotid endarterectomy that some might consid-
er conservative. They have divided their disease categories
into ranges that fit their criteria for operation, but these
categories may not be applicable to all vascular practices.
In keeping with the results of the ACAS study, many vas-
cular surgeons would recommend an operation for an
asymptomatic individual with a 60% stenosis or tighter. It
appears from the present data that a short flow gap on
MRA has the potential of differentiating a stenosis of
greater than or equal to 60%. My one question is this: can
the authors reanalyze their data using more universally
accepted threshold criteria, such as a 60% to 79% stenosis
instead of a 50% to 74% stenosis? I suspect that the real
value of MRA will be the subclassification of these
midrange stenoses into less than 60% or greater than 60%
subcategories. This might afford a highly reproducible
method of determining which lesions should be consid-
ered for endarterectomy rather than relying on local crite-
ria developed at individual vascular labs.
I congratulate the authors on an excellent presentation
and a well-written manuscript. It is certainly worthy of
your close scrutiny.
Dr Jeffrey S. Wilson. Thank you, Dr Valentine. We
appreciate your comments. In terms of misclassification by
both MRA and duplex, as you saw from our data, we did
not analyze which patients were symptomatic or asympto-
matic in that breakout group of 10 patients who did not
fall into the 75% stenosis but had that done by arterio-
graphy. We agree that duplex ultrasound and MRA, even
when combined, are certainly still less than perfect. Our
data show that the accuracy can be improved by combin-
ing these modalities to 80% but certainly nowhere near
100%, so they are not perfect. In terms of the ACAS trial,
our data would certainly seem to fit into the recommenda-
tions of that trial as well. In the presence of a flow gap, it
can generally be considered that greater than 70% arterio-
graphic stenosis exists and that these patients would prob-
ably benefit from carotid endarterectomy. So we agree that
applying this information, these data, that we collected to
the ACAS trial is appropriate, and if we were to break it out
by less than or greater than 60% stenosis, we probably
would be able to determine which asymptomatic patients
would benefit from carotid endarterectomy. 
Dr John Mannick (Boston, Mass). I enjoyed the pre-
sentation very much. I would like to congratulate Dr
Wilson and his colleagues on this interesting study, which
I think confirms experience in a lot of departments such as
ours that as a secondary imaging study, MRA is really pret-
ty good. Over the years we found that what is really valu-
able is that a short flow gap is very reassuring: you actual-
ly have a hemodynamically significant lesion that you
would like to operate on if there is any doubt in your mind
about the duplex study. 
One further thing that he has not mentioned that we
have found interesting is that in about 25% of patients
who have TIAs and no evidence of stroke, there will be
well-defined infarcts by the MR imaging study of the brain
that you get along with the angiogram. Some surgeons
prefer to do CTs plus duplex in order to get this informa-
tion. Others argue that the information is not clinically
relevant. In a very litigious society such as ours, I think it
is probably helpful, at least in some areas of the country,
to know whether or not the patient went into the operat-
ing room with a cerebral infarct rather than having this
information come up at some later date, so that you do get
an added benefit from the MRA. It defines what the artery
looks like and also shows you what is going on inside the
head. I wondered if you had observed that this was help-
ful in your operative management or at least in your
understanding of the patient’s disease.
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Dr Wilson. Thank you. Our retrospective review did
not include evaluating the results of the 3-D time of flight
cerebral magnetic resonance arteriography, although you
do make a good point about the anatomical data that you
could gain from that. We are currently looking prospec-
tively at MRA and whether it provides adequate anatomi-
cal data in the carotid system, but we have not looked at
what anatomical information we could get from the cere-
bral magnetic resonance arteriography. 
Dr Russell H. Samson (Sarasota, Fla). I apologize for
rising so quickly, but I am a little confused. Our group in
Sarasota and the Tampa group who presented here now
have recently collaborated on a paper demonstrating the
long-term safety of using duplex alone. We had over 800
patients. Now I see that the same group is advocating
maybe using MRA. I am wondering whether I should call
the editorial board at Vascular Surgery and tell them to
hold our paper.
Dr Wilson. That might be a little premature. We are
not trying to conclude here that magnetic resonance
angiography is a substitute for duplex ultrasound. In fact,
in our introduction we discuss, and also in the discussion,
that duplex ultrasound is adequate in the vast majority of
patients who are being screened for carotid endarterecto-
my. The question that arises is what to do in the patients
in whom your duplex ultrasound is inadequate or indeter-
minate, whether or not arteriography is necessary or you
can simply do an MRA and save the morbidity associated
with invasive arteriography. We are not looking at this as a
substitute for duplex ultrasound, and we agree that the
vast majority of patients can be screened for endarterecto-
my based only on ultrasound. 
Dr Samson. Can I just follow up? How do you know
that your duplex is inadequate?
Dr Wilson. Well, when you look at the duplex, if you
do not feel that you have adequate anatomical informa-
tion, if you could not visualize the carotid artery in its
entirety, if you have conflicting information. There are
several things that can make the study indeterminate, even
in a very experienced laboratory with good technologists.
We show that greater than 91% of the studies would give
all the information that you needed.
Dr Jacob Robison (Mt Pleasant, SC). I enjoyed your
paper very much. I wonder what really should be the stan-
dard here. Have you given any thought to not using arte-
riography as the gold standard, and instead considered
using another standard? We have all had some experience
where the biplane arteriogram actually seems to under-
estimate the degree of disease. I wonder if you might
comment. 
The main advantages of arteriography vis-à-vis duplex
scanning would be to show proximal arch disease or prox-
imal great vessel disease and locate the bifurcation to help
you plan your procedure a little bit better. As Dr Mannick
indicated, intracranial disease may also alter your manage-
ment. I wonder if you could comment on that aspect of
MRA and whether MRA actually influenced and changed
your management in any of these cases.
Thank you.
Dr Wilson. Thank you. In terms of deciding what the
gold standard is going to be in the future, I do not think
we can say anything based only on this retrospective
review. It is an interesting question and something that
will be raised again and again as people look at this at
other institutions. 
In terms of gathering anatomic information with MRA,
that is something we did not look at in this retrospective
study, although we have just started a prospective trial, as I
said earlier, where we are going to look at MRA and deter-
mine what kind of anatomic information we can gather
using that. It might be interesting to compare your MRA
information, your arteriography information with perioper-
ative findings, which is something we have not done and
which I do not remember seeing in the literature either.
Dr Alan B. Lumsden (Atlanta, Ga). I wanted to follow
up on Dr Mannick’s comments because when you ask for
an MRA, not all MRAs are equal. For example, when I ask
for an MRA, I get a picture of the carotid bifurcation, and
I may or may not get a cerebral angiogram with it. What
I absolutely do not get is a picture of the arch and the
carotid orifices, despite the fact that it is pretty easily done.
So when you are talking about an MRA, I am real inter-
ested in specifically what you are looking at. For many
years the gold standard was arch arteriography and four-
vessel angiography, and we have moved rapidly away from
that. MRA has the capability of giving us all that informa-
tion, and when we get an MRA, should that not be what
we are looking for frankly?
Dr Wilson. That is a good question, and the answer is
probably yes. In studies that we were reviewing we were
looking at both cerebral anatomy and the carotid system, but
we were not looking at the arch anatomy. You are right; that
is something that can be done and maybe should be done in
the future, so that is something we can look at as well.
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